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Fullerenes and carbon nanotubes ͑CNTs͒ represent two types of carbon allotropes with extraordinary properties. The interaction between CNTs and endohedral fullerenes in C 60 nanopeapods has attracted considerable attention in recent years. The local electronic band gap of single-walled CNTs ͑SWNTs͒ can be tuned by incorporating fullerenes inside nanotubes.
1,2 Okazaki et al. found that C 60 is preferentially encapsulated into SWNTs with diameters greater than 1.25 nm and that the filling causes optical band gap energy shifts for those nanotubes due to their local strain effects and the hybridization of energy levels between encapsulated fullerenes and outer SWNTs. 3 The lack of decrease in absorption intensity of the first optical transition ͑S 11 ͒ of semiconducting SWNTs indicates an absence of charge transfer between endohedral C 60 and the host nanotube. 3 In addition to C 60 nanopeapods, Nasibulin et al. discovered a hybrid material called NanoBud that combines fullerenes and SWNTs into a single structure in which fullerenes are covalently bonded to the outer surface of SWNTs. 4 The interaction between CNTs and exohedral fullerenes, however, has received little attention so far. CNTs have been used to enhance the performance of bulk-heterojunction photovoltaic devices based on blends of conjugated polymers such as poly͑3-hexylthiophene͒ ͑P3HT͒ and C 60 or the fullerene derivative 1-͑3-methoxycarbonyl͒propyl-1-phenyl͓6,6͔C 61 ͓͑60͔PCBM͒. 5, 6 Such optimized solar cell devices typically consist of a P3HT/͓60͔PCBM ͑1:1͒ mixture with only ϳ0.1 wt % of CNTs. 6 The effect of exohedral fullerenes on CNTs' electronic properties remains essentially unknown. In this letter, we report the electron doping ͑n-type doping͒ of small-diameter ͑d ave ϳ 0.8 nm͒ semiconducting SWNTs with fullerenes such as ͓60͔PCBM. The resulting ͓60͔PCBM-doped SWNTs demonstrate significantly enhanced electrical conductivity while still retaining characteristics of semiconducting nanotubes. Polymer nanocomposites based on these air-stable, n-doped SWNTs show a ͑15-22͒-fold enhancement in electrical conductivity compared with nanocomposites based on undoped SWNTs at the same nanotube loading level.
We recently discovered that rigid conjugated macromolecules, poly͑p-phenylene-ethynylene͒s ͑PPE͒, can be used to noncovalently functionalize and solubilize CNTs and to disperse CNTs homogeneously in polymer matrices. [7] [8] [9] [10] [11] [12] [13] [14] [15] Purified CoMoCAT® SWNTs ͑SWNT CoMoCAT , Lot No. UW1-A001͒ from SouthWest NanoTechnologies, Inc. were used as received in this study without further purification. The average diameter of SWNT CoMoCAT is ϳ0.8 nm, and SWNT CoMoCAT 's contain ϳ91% semiconducting nanotubes. [16] [17] [18] [19] ͓60͔PCBM was purchased from SES Research. Purified SWNT CoMoCAT 's were suspended in chloroform by short bath sonication. The pure SWNT CoMoCAT film for conductivity measurement was obtained from the polytetrafluoroethylene membrane after filtration of the suspension of SWNT CoMoCAT 's in chloroform and drying. The ͓60͔PCBM-doped SWNT CoMoCAT film for conductivity measurement was obtained by the following procedure: A SWNT CoMoCAT film was first fully immersed in a ͓60͔PCBM solution in chloroform for 15 days, then the film was taken out, and any remaining solution on the film was quickly soaked away by a Kimwipes wiper, and finally the film was dried in the air for at least 3 days. The resulting ͓60͔PCBM-SWNT CoMoCAT film shows a mass gain of ϳ17% as a result of ͓60͔PCBM doping. Purified SWNT CoMoCAT 's were solubilized in chloroform with standard PPE along with vigorous shaking and/or short bath sonication. [7] [8] [9] [10] The mass ratio of PPE: SWNT CoMoCAT was kept at 0.4. The PPE-SWNT CoMoCAT thin film for UV-vis-near-IR ͑NIR͒ measurement was obtained by casting a few drops of a PPE-SWNT CoMoCAT solution in chloroform on a thin quartz substrate and by drying in the air. To prepare the ͓60͔PCBM-PPE-SWNT CoMoCAT thin film for UV-vis-NIR measurement, we used exactly the same PPE-SWNT CoMoCAT thin film on quartz after its UV-vis-NIR measurement and cast excessive ͓60͔PCBM solution in chloroform on top of the PPE-SWNT CoMoCAT thin film, and the resulting ͓60͔PCBM-PPE-SWNT CoMoCAT thin film was dried in the air. Doped and undoped SWNT CoMoCAT prepared according to the following procedure: The PPE-SWNT CoMoCAT solution was mixed with a PC solution ͑for undoped samples͒ or a PC-͓60͔PCBM solution ͑for doped samples͒ in chloroform to produce a homogeneous SWNT CoMoCAT -PC composite solution, which was cast on a glass dish and dried very slowly to give a freestanding film after peeling from the substrate. The typical film thickness was in the range of 45-80 m. The mass ratios of ͓60͔PCBM: SWNT CoMoCAT were kept at 1 and 3, respectively, for doped nanocomposites. The SWNT CoMoCAT loading values quoted in Table I are based on purified SWNT CoMoCAT 's only and exclude PPE and ͓60͔PCBM, which allows the comparison of electrical conductivities of nanocomposites based on PPE-SWNTs and ͓60͔PCBM-PPESWNTs with those based on pristine SWNTs and other types of functionalized SWNTs. 17 The UV-vis-NIR absorption spectra were recorded with a Cary 5000 UV-vis-NIR spectrophotometer. Scanning electron Microscopy ͑SEM͒ was performed using a Hitachi S-4800 field emission scanning electron microscope ͑accel-erating voltage: 15 kV͒. No sample coating was used in the SEM experiment in order to avoid possible artifacts induced by the metal coating. Direct current electrical conductivity measurements were performed using four-point and twopoint probe techniques. The Lucas Labs Pro4 system was used for the four-point probe measurement at room temperature. The two-point probe measurement for the temperature dependent conductivity study was performed using a Keithley 2400 source meter and a Keithley 6485 picoammeter ͑for low current͒ instrument through the computer controlled LABVIEW program. Nanocomposite films were annealed at 80°C for ϳ24 h in order to reach the equilibrium state. 12 To collect the temperature dependent conductivity data, a nanocomposite film was heated to the desired temperature by digital hotplate and waited for 10 min to reach its equilibrium state before each temperature dependence conductivity measurement.
We choose ͓60͔PCBM instead of C 60 in this study because ͓60͔PCBM is highly soluble in chloroform. In comparison with the pristine SWNT CoMoCAT film ͑A͒, the ͓60͔PCBM-SWNT CoMoCAT film ͑B͒ demonstrates a substantial increase in conductivity by a factor of 1.7 ͑Table I͒. A previous study has shown that both n-doping and p-doping of SWNTs via electrochemistry lead to the bleaching of electronic transitions of semiconducting SWNTs and to the diminishing of the S 11 band. 20 The UV-vis-NIR spectrum of pristine semiconducting SWNT CoMoCAT 's shows strong S 11 bands with optical transition energies between 1.0 and 1.2 eV ͓Fig. 1͑a͔͒. The UV-vis-NIR spectroscopy shows a significant decrease in absorption intensity of S 11 of SWNTs upon ͓60͔PCBM doping ͓Fig. 1͑a͔͒, which indicates clearly a charge transfer between ͓60͔PCBM and semiconducting SWNT CoMoCAT 's. The fact that the ͓60͔PCBM-SWNT CoMoCAT film still shows substantial S 11 absorptions suggests that it still retains characteristics of semiconducting nanotubes.
The reduction potential of a ͑6,5͒ nanotube ͑a major nanotube type in SWNT CoMoCAT 's͒ is 0.0008 ͓V versus normal hydrogen electrode ͑NHE͔͒, 21 which is higher than that of ͓60͔PCBM ͓−0.684 ͑V versus NHE͔͒. 22 Therefore ͓60͔PCBM acts as an electron donor and donates an electron to the SWNT CoMoCAT , which acts as an electron acceptor. In contrast to highly air-sensitive, n-doped SWNTs with alkali metals, 23 n-doped SWNT CoMoCAT 's with ͓60͔PCBM are stable toward the air. Both the electrical conductivity and the UV-vis-NIR spectrum of the ͓60͔PCBM-SWNT CoMoCAT film remain basically unchanged upon a lengthy exposure to air.
The air-stable ͓60͔PCBM-PPE-SWNT CoMoCAT material is a superior filler for electrically conductive polymer nanocomposites ͑Table I͒. SEM shows the uniform dispersion of both PPE-SWNT CoMoCAT 's and ͓60͔PCBM-PPE-SWNT CoMoCAT 's in the PC matrix ͓Figs. 1͑c͒ and 1͑d͔͒, but nanotubes in the doped nanocomposite ͑F͒ look much thicker in a nonuniform way than those in the undoped nanocomposite ͑E͒ at the same magnification, suggesting a possible ͓60͔PCBM coating on SWNTs in the doped nanocomposite. In comparison with undoped nanocomposites, ͓60͔PCBM-doped PPE-SWNT CoMoCAT -PC composites demonstrate a dramatic increase in conductivity by factors of 15-22 ͑Table I͒. For example, the conductivity reaches 2.38ϫ 10 −2 S / cm for the doped nanocomposite ͑F, 5 wt % SWNTs, SWNT: ͓60͔PCBM=1:1͒, which represents a nearly 20-fold increase in conductivity compared with the undoped nanocomposite ͑E, 5 wt % SWNTs͒. The optimized mass ratio of SWNT:60͓PCBM͔ is 1:1. When the ratio increases to 1:3, the conductivity of a doped nanocomposite ͑G͒ decreases slightly ͑Table I͒.
The conductivity of CNT-polymer composites can be described by a thermal fluctuation-induced tunneling model. 24 We found that if T ജ 295 K, a simplified model can be used as follows:
where T 1 represents the energy required for an electron to cross the insulator gap between nanotubes. The analysis of temperature dependent conductivity data ͑e.g., from room temperature to 343 K͒ allows us to extract the value of T 1 , which provides crucial information about nanotube-matrix polymer-nanotube ͑NT-P-NT͒ junctions. Li and coworkers' simulations suggest that the maximum tunneling distance of a NT-P-NT junction is 1.8 nm in CNT composites. 25 Based on the work of Li et al. and electrical conductivities of SWNT-PC composites ͑Table I͒, the tunneling distances in our SWNT-PC composites are estimated to be less than 0.8 nm, which is beyond typical high SEM resolution ͑ϳ1 nm͒. Figure 1͑b͒ demonstrates that our data are in good agreement with the prediction of Eq. ͑1͒. Doped nanocomposites show significantly lower T 1 compared with undoped nanocomposites at the same nanotube loading level ͑Table I͒, which indicates that the ͓60͔PCBM doping dramatically reduces tunneling distances of NT-P-NT junctions in CNT composites. The observed substantial conductivity enhancement in ͓60͔PCBM-doped SWNT composites can be attributed to two factors: the higher conductivity of doped SWNTs and the smaller insulating polymer barriers between adjacent conductive SWNTs.
Since the reduction potential of fullerenes can be tuned by size and functionalization ͓e.g., the reduction potential of ͓84͔PCBM is −0.336 ͑V versus NHE͔͒, 22, 26 it is possible to modify CNTs' electronic structures in a controlled way. J.C. acknowledges financial support from the National Science Foundation ͑DMI-06200338͒, UWM start-up fund, and UWM Research Growth Initiative award.
